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NOMENCLATURE

Cross-sectional area of flow path

Effective cross-sectional area of fuel assembly for flow
Cross-sectional area at junction point C (see Fig. 8)
Area of breach

Area of breach in pin i

Radius of equivalent plenum (portion of plenum associated with a
single subassembly)

Radius of transition piece (or outlet region)
Coefficient of discharge

Specific heat of gas at constant pressure

Specific heat of gas at constant volume

Coefficient of discharge for breach in pin i

Diameter of flow path

Hydraulic diameter of fuel assembly

Friction factor

Friction factor for lower liquid slug in fuel assembly
Friction factor for upper liquid slug in fuel assembly
Acceleration due to gravity

Dimensional conversion factor

Height of liquid in exit plenum

Film heat-transfer coefficient between bubble and surroundings
Length of transition piece (outlet region)

0for t< t;
1for t> ¢

Mechanical equivalent of heat

Unit step function {

Bessel function of the first kind of order £
Number of pins that fail at t = 0

Pressure-loss coefficient for sudden contraction at inlet to fuel
assembly

Pressure-loss coefficient for sudden expansion at section E-E
(see Fig. 8)

Pressure-loss coefficient for grid

Combined pressure-loss coefficient for total flow orifice and
energy loss due to gradual contraction at conjunction point C
(see Fig. 8)

Pressure-loss coefficient for sudden expansion at junction of
bypass and exit plenum

Pressure-loss coefficient for bypass valve opening
Pressure-loss coefficient for orifice in inlet piece
Length of fuel assembly

Length of horizontal section of bypass pipe
Length of vertical section of bypass pipe

Length of horizontal section of inlet piece

Length of vertical section of inlet piece

Length of horizontal section of total-flow pipe
Length of vertical section of total-flow pipe
Constants in Eq. 3

Number of pins ruptured

Pressure at top of exit plenum

Pressure in gas bubble at any time t

Pc
Pp
PE
PAT
Pbo
Pyl
Pg0
Q;

Pressure at point C (see Fig. 8)

Pressure at point D (see Fig. 8)

Pressure at section E-E (see Fig. 8)

Pressure at exit of pumps or at inlet of inlet plenum
Pressure in gas bubble at t = 0

Pressure in gas plenum i at any time t

Pressure in gas plenum at t = 0

Mass rate of discharge of gas from plenum i

Gas constant

Heat-transfer surface area between bubble and surroundings
Time

Rupture time of a pin i

Initial transit time of coolant for single pass through fuel
assembly

Temperature of gas in gas bubble

Temperature of gas in gas plenum at any time t
Temperature of gas in gas plenum att = 0
Temperature difference between bubble and surroundings
Initial coolant velocity in fuel subassembly
Velocity of coolant

Velocity of upper gas-liquid interface

Velocity of lower gas-liquid interface

Volume of gas plenum

Volume of gas bubble at any time t

Volume of gas bubble at t = 0

Axial coordinate

Position of lower gas-liquid interface

Position of upper gas-liquid interface

InitiaT position of lower gas-liquid interface
Initial position of upper gas-liquid interface

Greek Letters

a Constant in Eq. 16

B Constant in Eq. 29

Y Ratio of specific heat at constant pressure to specific heat at
constant volume

p Density of coolant

Ph Density of gas in bubble at any time t

Pb0 Density of gas in bubble att = 0

Pgi Density of gas in gas plenum i at any time t

Pg0 Density of gas in gas plenum at t = 0

Subscripts

bp Bypass flow

| Inlet piece

IP Inlet plenum

p Exit plenum

1 Total-flow pipe or main pipe

Tr Transition piece (outlet region)






A STUDY OF COOLANT TRANSIENTS
DURING A RAPID FISSION-GAS RELEASE
IN A FAST-REACTOR SUBASSEMBLY

by

T. C. Chawla and B. M. Hoglund

ABSTRACT

Flow transients initiated by rapid gas release were
studied both experimentally and analytically. The mathe-
matical model developed was used to consider a multiple pin
failure in a fast-reactor subassembly. In formulating the
model, it was assumed that the released gas filled the sub-
assembly cross section uniformly and that the coolant flow
was incompressible. The inertial contribution of the liquid
columns beyond the pin assembly, as well as the three-
dimensional flow effects in the inlet and outlet plenums, were
considered. In the application of the model to out-of-pile
simulation loops or in-pile test loops, points of departure in
hydraulic simulation of the actual reactor conditions can be
taken into account. A gquantitative criterion for valid appli-
cation of the model was obtained in terms of breach size,
number of pins ruptured, initial gas-plenum pressure and
temperature, and subassembly operating conditions. The
predictions of the flow transients obtained bywmeans of the
model agreed well with the experimental data. An example
of the application of the model to a reactor configurationwas
given using an FFTF fuel subassembly.

1. INTRODUCTION

In the investigation of the phenomenology of failure propagation re-
sulting from a release of fission gas from a ruptured fuel pin, it is con-
venient to define three regimes of gas release rates. The first regime
pertains to those failures that result in a very rapid release of gas and may
cause failure propagation by (1) thermal insulation of the adjacent pins as
a result of coolant transients that temporarily void the region and/or
(2) generation of the pressure pulses due to the initial burst of high-pressure
gas into 2 low-pressure coolant. The second regime covers somewhat slower
(than the above-described rapid gas release).rates of gas release that pro-

duce 2 per51stent gas jet. The phenomena associated with this regime of
gas release has been studied experimentally by Hoglund et al.! using a single
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heated channel in an out-of-pile water loop. They found for water as a
coolant that the gas jet entrains liquid drops and produces spray cooling.
The third regime covers still slower rates of gas release. In this regime,
the postulated mode of propagation is overheating of pins due to local flow
reduction produced by the two-phase flow characteristics of fission gas and
sodium mixture.

The present study is aimed at investigating both experimentally and
analytically the phenomena associated with the first regime, i.e., the rapid
gas release (neglecting the resistance to the flow of gas internally in the
fuel or assuming a breach occurring in the vicinity of gas plenum region),

As mentioned above, the rapid gas release could result in overheating
of the cladding due to voiding of the region, or the adjacent fuel pins may be
ruptured due to excessive deflection caused by the pressure pulses traveling
radially from the rupture point. The sudden release of fission gas causes
almost complete separation of the liquid column in the fuel subassembly into
two parts in such a way that the lower liquid column experiences a rapid
deceleration and the upper liquid column is rapidly accelerated. The rapidity
of these flow transients results in generation of pressure pulses of consider-
able intensity and width. In a recent experiment performed by Koenig,‘2
these pressure pulses have resulted in some deformation of the hexagonal
can containing the fuel assembly.

In addition to pin-to-pin failure propagation as implied in the above
description, the results of analysis indicate there exists a very definite
possibility that in a multiple pin failure, where a considerable amount of
fission gas may be ejected into a subassembly, the coolant flow in the lower
liquid column would be reversed. A quantity of gas which makes its way
into the inlet plenum would then enter other adjacent subassemblies. Reduc-
tion of coolant flow in the affected adjacent fuel assemblies would result due
to the increased friction factor of the two-phase flow mixture. Hori and
Friedland's one-dimensional analysis of the problem® indicates that the
ratio of the flow reduction (original flow rate minus the reduced flow rate)
to the original flow is approximately equal to void fraction of the two-phase
mixture. The temperature transients caused by the entrance of a two-phase
mixture in adjacent subassemblies may result in propagation of failure to
other subassemblies. In addition, the voiding caused by fission gas entering
adjacent subassemblies may cause reactivity effects.

An analysis of the rapid gas release was made by Hori and Friedland*
in which they assumed that the ejected gas forms a single cylindrical bubble
and subsequently expands isothermally, thereby expelling the coolant from
the subassembly. Their calculation model is basically a "piston model, "
which has been extensively employed in calculation of voiding rates due to
sudden vaporization of a superheated coolant in a reactor fuel assemblynf’-8
Hori and Friedland also compared the results of their calculations with



ogt-of-pile water loop test data.” They found that the experimental bubble
size and blanketing time were about twice the calculated values. They
attributed this discrepancy to mixing of the phases and to differences be-
tween the test and calculation conditions.

Recently Kondo et al.!” performed two preliminary simulation ex-
periments in out-of-pile water loops. The first experiment simulated a
persistent gas jet impinging on a single heated pin. They found that the
cladding surface temperature dropped sharply at the point of gas jet im-
pingement. These findings are in agreement with more recently reported
work of Hoglund et 3._1,,1 who also found that the most dominant mode of heat
transfer at the point of gas-jet impingement is spray cooling with liquid
entrained in the jet as it penetrates the coolant. The second experiment of
Kondo et al. simulated a sudden burst of gas from the central pin of the
64-pin assembly. They found that the hydraulic transients are very rapid
and are accompanied by generation of pressure pulses of about 100 psi.
Their calculation model for rapid gas release is identical to that by Hori
and Friedland.* They suggested that any lack of agreement between the
calculations and the data arises from their choice of boundary conditions,
which included a fixed inlet pressure.

In an effort to develop an adequate predictive analytical capability,
it was clear from a review of existing investigations of a rapid gas release
that additional experiments were required to provide more detailed informa-
tion on the phenomenon involved. In addition, an adequate definition of the
conditions for which an analytical model was valid was needed. It was also
evident that points of departure in hydraulic simulation of actual reactor
configuration and conditions should be adequately accounted for in a calcu-
lational model. These include (i) limited bypass flow* because of the limited
capacity of the available pumps in a simulation loop (nonconstancy of the
pressure drop across the test section during the transients) and (ii) the in-
ertial lengths beyond the ends of the pin assembly.

Specifically then, the objectives of the present study are: (1) to pro-
vide quantitative data regarding hydraulic transients, (2) to study the effect
of variables such as (a) gas-plenum pressure, (b) rates of coolant flow, and
(c) type and size of the cladding breach (holes and slots), (3) to observe
intensity and half-width of the pressure pulses, and (4) to formulate an ana-
lytical model consistent with the experimental observations and conditions.

11
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II. EXPERIMENTAL APPARATUS

The experiments were performed in a test section consisting of a
triangular array of 19 pins enclosed in a Plexiglas channel. The pin bundle
consisted of 18, l/4-in.-OD =l l/Z—in.-long, wire-wrapped Plexiglas rods
surrounding a central, hollow, stainless steel tube, also of 1/4-in. OD. The
spacer wire was of 0.05-in. diam-
eter and was wrapped on pins with
a 12-in. pitch. The whole pin
bundle was supported at the bottom
by a perforated grid plate. The
Plexiglas section was made in
two halves which, when bolted
together with O-ring sealing be-
tween them, had a hexagonal
internal cross section. On the
outside, the section was rectan-
gular to minimize refraction in
viewing the flow regimes inside
the section. The whole assembled
section was reinforced with four
long bolts and two end plates, and
was mounted vertically, as shown
in Fig. 1.

To simulate the release
of fission gas, the central tube
had a predrilled orifice and was
fitted with a pressure-actuated
valve which allowed repeated gas-

Fig. 1. A View of the Experimental Arrangement. release tests without disassembly
ANL Neg. No. 113-2572. of the test section. The valve
system was installed inside the
stainless steel tube such that it divided the length of tube into a gas plenum
with a fixed volume of 0.75 cu in. at the top and a gas-supply section in the
bottom. (The details of this assembly are shown in Fig. 2.) The gas reser-
voir was instrumented with a small, dynamic pressure transducer. The
gas-supply section in the lower half of the tube contained an end fitting for
entrance of the gas-supply tube. The internal end of the gas-supply tube
was fitted with an adapter to accommodate the detent of the piston assembly.
The only moving component was the small piston-valve assembly which was
fitted with two O-ring seals, one on the top end and the other in the middle
of the piston length. The gas reservoir was charged by applying gas pres-
sure from the supply, which moved the piston to the closed position. The
gas then slowly leaked through the central hole (made by machining a flat
on the piston pin) until the pressure on both sides was equal. To initiate
gas release, the pressure in the supply line was vented through a solenoid-
valve system. As a result, the pressure forces on the piston became
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unbalanced, and the pressure in the
top gas reservoir (plenum) quickly
moved the piston to expose the orifice
in the tube wall. To repeat the ex-
periment, the vent in the supply was
closed and the supply pressure was
applied again.

The schematic diagram of
the water-circulation loop, in which
the 19-pin test section is installed,
is shown in Fig. 3. The water for the
coolant to the test section was supplied
by two pumps, each of approximately
150-gpm capacity at a discharge pres-
sure of 90 psia. A bypass flow channel
was placed in parallel with the test
section to simulate the flow paths in
the reactor core. The flow rate
through the test section was varied
by controlling the bypass-valve open-
ing. The water was maintained at
room temperature (~70°F) throughout
the experiment.

The test section was instru-
mented with several piezoelectric,
dynamic pressure transducers located
at varioys axial positions along the
test section. These transducers were
provided to record transientpressures
produced by the sudden release of gas
from the orifice located in the wall of
the central stainless steel tube. Two
Heise gauges were also provided to
measure the system inlet and outlet
pressures under steady-state condi-
tions. The flow rate to the test sec-
tion was measured by a strain gauge
type of differential pressure trans-
ducer placed across an orifice. The
associated recording instruments are

Fig. 2

Schematic Diagram of Gas-release
Assembly. ANL Neg. No. 113-3221.
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shown in Fig. 4. The motion of gas-liquid interfaces was observed by use
of a high- speed camera operating at a speed of 2000 frames/sec.
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The experimental procedure consisted of setting the desired flow
rate in the test assembly and the bypass channel. A series of runs were
made with various pressures in the gas plenum. The dataobtained for each
test consisted of high-speed motion pictures to observe the motion of the
bubble interfaces, transient pressures at various axial locations, transient
flow rate, and gas-plenum pressure. After data were obtained for the de-
sired range of gas-plenum pressures, the flow rate through the test section
was changed to a new value and the tests were repeated. The range of pa-
rameters for these tests were:

Coolant velocity 18, 30 fps
Gas-plenum pressure 500, 1000 psia
Breach size and shape 0.063-in.-dia hole
1/16 x 1/8-in.? slot
Location of breach Center of rod bundle

III. A TYPICAL TRANSIENT

Prior to formulation of the mathematical model, it would be to our
advantage, for better understanding of the phenomenon involved, to consider
a typical transient initiated by rapid gas release. Results pertaining to a
typical transient are given in Figs. 5 and 6. Figure 5 indicates that the flow
into the test section is rapidly (in about
35 msec) reduced from about 28 to about
21 fps and then gradually recovers its
original value, accompanied by an over-
shoot in about 115 msec. The gas from
the gas plenym is discharged almost com-
pletely in a very short time (about
40 msec). The peak pressure pulse
measured at the wall of the test section
at its midplane has a maximum intensity
of approximately 100 psi above the local
system pressure and a half-width of about

PRESSURE, 250 psi/in
GAS PLENUM

PRESSURE, 100 psi/in.

& AR SR SRRt 15 msec. The intensity of these pressure

AL MIBELANE pulses falls off quickly along the length of

N\— ML GZ'D the test section (e.g., the peak value meas-
/V"T“T I | I%Ewwlc 'Dl ured in the transient shown in Fig. 5 is

0O 20 4 60 80 100 120 140 160 180 about 60 psiabove thelocal system pres-
Dl e sure just above the grid and about 20 psi
Fig. 5 below the grid). Figure 6 shows a typical
3 > . flow pattern at various time intervals; it
S.trfl:{-chart Recon.i .for a Typical Tran.smnt is clear that the ejected gas expands ra-
(initial test conditions: coolant velocity = e th £ g
98.0 fps; gas-plenum pressure = 995.0 psia; ially ‘to occupy the entire cross sectionat
breach size = 1/16 x 1/8 in.2). ANL Neg. the point of the release and then expands
No. 900-562. axially as a single bubble.
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1IV. THE MATHEMATICAL MODEL

A. General Considerations

Consider a gas plenum of volume V, filled with gas at pressure Pgo.
At time t = 0, the cladding ruptures and the gas is released at such a rate
(which depends upon the size and position of the clad rupture, the number of
pins failed, and pressure and temperature of the gas in the plenum prior to
rupture) that the ejected gas spreads out uniformly in all subchannels of the
fuel assembly and subsequently expands axially as a single large bubble.
In view of the fact that the density of the gas phase is very small compared
to that of the liquid phase, the inertia and frictional effects of the gas phase,
as compared to those of the liquid phase, may be neglected; it then follows
from the momentum equation that the pressure within the gas-phase region
is uniform. The thermal diffusivity of the gas is large compared to that of
the coolant; for water as a coolant, as in these experiments, the thermal
diffusivity of the gas is several times larger than that of water. The thermal
diffusivity of the gas (at about 1000°F ) is about three to four times as large
as for liquid metals. It then follows from the energy equation that the tem-
perature within the gas bubble may be taken as approximately uniform. For
uniform pressure and temperature, the equation of state P = pRT indicates
that the density within the gas bubble may be taken to be uniform.

1. Governing Equations for Liquid Phase

The one-dimensional continuity and momentum relations for an
infinitesimal fluid volume, assuming the flow to be incompressible (justifica-
tion for this assumption is given later), are

duA
=0 1
s (1)
and
du Jou 1.0P £ ulul
— _— T e - - —_— 2
3% ax 635 ° Dp.2 =

where u, p, and P are the cross-sectional averages of the longitudinal
velocity, density, and pressure, respectively; A is the flow area; t is the
time; x is the distance in axial direction; Dy, is the hydraulic diameter;
g is the acceleration due to gravity; f is the friction factor given by the
formula

f = mReD, (85

where Re = uDh/v; v is the kinematic viscosity; and m and n are con-
stants. It may be noted here that p and v are evaluated at an average tem-
perature (which, for example, for a reactor fuel assembly is equal to mean
of the inlet and exit temperatures).
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2. Governing Equations for Gas Phase

Let the pressure, density, and temperature of the gas in the gas
plenum at any time be P, Pg andWENlcisthe correspondir}g V?Iues of these
parameters in the gas bubble be Py, pp, and Tp,. The‘apphcat?on of conser-
vation laws for a multiple pin failure gives the following relations: the law
of mass conservation for the gas plenum

dVpgi
_Tg_ = -Q;I(t-t5), (4)
and the bubble
N
dA (Xy - X1,) Py :
=

the law of energy conservation for the gas plenum

dp G s
sl Ve ELaw Lo il 6
dt Q;CpTgil(t- 1), (6)
and the bubble
N
dppAc(Xy-Xp) CyTp 1 dA (X, -Xp)
i=

(7)

where in writing the above equations it is assumed that the gas is ideal.

In Eq. 6 it is implied that expansion of the gas in the gas plenum is adiabatic.
In the above set of equations, subscript i refers to the pin i which ruptures at
time t;; N is the total number of pins ruptured; Qi is the mass discharge
rate from pin i; A_ is the effective flow area of the assembly; Cy and Cp are
the specific heats of gas at constant volume and constant pressure, respec-
tively; h is the film heat-transfer coefficient between the bubble and the
surroundings; AT is the temperature difference between bubble and the
surroundings; S is the effective surface area; Xu and Xy, are the bubble
coordinates (see Fig. 7); I(t - t;) is the unit step function defined as

0 for t < t;
I(t-t;) = g
I8 forst = t;

where the rupture time t; has the following specifications:

U< it e
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and where t. is the initial transit time of the coolant for a single pass
through the assembly. It may be noted here that, in the present state of the
art, the exact failure mechanism for fuel elements is not yet known and,
therefore, it becomes necessary that we should assume initiating occur-
rences that may lead to failure propagation. Consequently, depending upon
the size of assembly and the initial coolant flow rate, we must assume the
minimum number of pins ruptured and their rupture times so that '"plug-
type" bubble regime is established (see Eq. 31 below).

The rate Qi of gas flow out of plenum i into bubble is, if the
process of discharge is assumed quasi-stationary, equal tolt

Q; = CqifoiPgi P e o RTgi8c (8)

Py 2. A/ l-1)
for 2( > y

N+ 1

and

- 1/ (vy-1) 2y
Qi = CdiAQipgi<T+__1) il m RTgigC (9)

Py S( 3 )‘Y/(Y-l) :

for )
].:’g1 o 1

where Ay is the area of breach in pin i; Cdi is the coefficient of discharge;
R is the gas constant; and y = Cp/Cv. In the first case (Eq. 8), the flow is
subcritical; and in the second case (Eq. 9), it is critical.

B. Application to Reactor Configuration and Conditions

In a reactor subassembly-configuration (shown in Fig. 7) the coolant
enters from the inlet plenum, goes through the inlet piece into the test sec-
tion, and exits into the outlet plenum through the transition piece. Since the
expulsion process, as induced by rapid gas release or sudden vaporization
of the superheated coolant, is highly inertia-dominated and the transient
times of the event are very short, the inertial contribution of the fluid be-
yond the ends of the subassembly must also be taken into account.
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1. Motion of the Upper Gas-Liquid Interface

The integration of Eq. 2 together with the use of Eq. 1 between
the upper gas-liquid interface and section E-E (see Fig. 7), including in
the resulting expression the pressure-loss terms for sudden expansion
both at the exit of subassembly and section E-E, yields

p( Al GET, g
—I|L - X_+ E = B - Ppitio—— (DX
R yli=1 pgc( uwtHL)

puc|ucl 1 < A >2 Ac : i Hy, K L
= - + S e -f. . —1, (10
2gc Ary ATy TrDTr B L & Dy, e

where Pg, is the pressure at section E-E; gc is the dimensional conversion
factor; fr, is the friction factor for transition piece (or outlet zone), and

fy, the friction factor for the subassembly, is a function of Reynolds number
(through Eq. 3) based on the velocity of the upper slug in the subassembly;
Kg is the pressure-loss coefficient at section E-E and is given by expression

A 2
B P I
mESA




K is the pressure-loss coefficient at the subassembly exit and is given
by expression

A 2
=
K S .
W i ’
¥ ( ATr)

DT, is the diameter of the transition zone (shown in Fig. 7); Dy, is the
hydraulic diameter of the subassembly.

In the derivation of Eq. 10, the following boundary condition at
the upper gas-liquid interface has been used:

and the pressure in the gas bubble is equal to the pressure in the fluid at
the gas-liquid interface.

2. Inertial Contribution of Fluid in the Exit Plenum

As the fluid in the upper slug begins to be accelerated by the
expanding gas bubble, the fluid in the transition piece (or outlet zone) at the
inlet to the exit plenum assumes a "jet" action in almost "stationary"
fluid in the plenum. This results in exchange of the momentum of the in-
coming fluid with the stationary fluid of the plenum. As a consequence of
this large transition in the cross-sectional area at the exit of transition
piece, the resulting flow in the plenum can no longer be considered to be
one-dimensional and one cannot extend the use of Eq. 2 (one-dimensional
description of the flow) to include the flow in the plenum. To handle this
situation properly, the model should include the "effective" back pressure
Pg at the exit of transition piece. This pressure in turn must be computed
by assuming the flow in the plenum to be three-dimensional or, more simply,
two-dimensional axisymmetric. Such an analysis of the flow in the plenum
is presented in Ref. 12. The average pressure at the exit of transition piece
is given by the following expression:

2 J%(anb) 1
a8 Zl‘—f’“—){Jé(anm + Tiapb) - aanomnbumanb)}u‘Tr (11)
(Contd.)

Al
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g, & hiflens) T Ee (11)
where oy, is a positive root of the equation

Jl(dna) = 0;
b is the radius of the transition piece; H is the height of liquid column in
the plenum; Pa is the pressure on the top of the plenum; u . is the velocity
of fluid in the transition piece related to the velocity in fuel subassembly
through continuity Eq. 1; a is the radius of equivalent plenum which is

associated with a single subassembly.

3. Motion of Lower Gas-Liquid Interface

The integration of Eq. 2, with the use of Eq. 1, between lower
gas-liquid interface and the section through point D (see Fig. 7) gives us

AN
p e L g
X tLw— ) —— = P - P - p— (L)
gC<L 1VA1> " .~ Py g taussie
2 2
+—puLluLl A o Rt s e G (12)
2ge \Ap) TG el

In the above equation Py is the pressure at D; Dy is the diameter of the
inlet zone; f] is the friction factor and is a function of velocity in the inlet
zone; fL is a friction factor based on the velocity of the lower slug in the
subassembly. Included in the above equation are the pressure-loss terms
for the grid and for a sudden contraction (if the flow does not reverse in
the lower slug during the transient) or sudden expansion (if the flow re-
versal takes place in lower slug during the transient). The loss coefficient
K¢ for a sudden contraction is given by

A
K:i}__c;
c 2 AI

for sudden expansion it is given by
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2
A
Kc X ( - —_C> ;
fey
The method for calculating the loss coefficient Kg for the grid is given in
Ref. 13,

4. Inertial Contribution of Fluid in the Inlet Plenum

In the rapid gas release regime, if gas release rates are
such that the flow reversal does not take place, the fluid entering the inlet
region from the inlet plenum experiences a "contraction" that is, more
simply, an increase in velocity. This results in a positive contribution to
the pressure gradient between the inlet plenum and inlet region. This posi-
tive contribution in the pressure gradient tends to reduce the three-
dimensionality effect discussed previously in relation to the exit plenum
(this situation is somewhat analogous to the development of incompressible
boundary-layer flow under pressure gradients). Consequently, if flow re-
versal does not take place during a transient, it may be adequate to describe
the flow in the inlet plenum by one-dimensional continuity and momentum
equations (Egs. | and 2). For this case the pressure Pp is given by

2 2 &
ey g e L sl A AVANT
D AT gc Alp dt? Zg. |\Amp Ar) "2\ Ap/\A) |

where the symbols used are defined in Fig. 7. However, if the flow reversal
takes place, the flow "pattern" in the inlet plenum is identical to that in the
exit plenum and therefore is treated similarly; the pressure Pp is given by
expression which is identical to Eqtillsiexcept for the sign convention. The
gravitational term must appear with a negative sign and the velocity down-
ward (i.e., into the plenum) must be considered positive.

5. Resolution of Equations for Gas Bubble

in Eq. 7, 'the film heat-transfer coefficient h for the interface
between the surroundings and bubble is not known, and any estimate of it
may suffer from considerable uncertainties (e.g., due to lack of knowledge
of the two-phase structure of interface regions). In view of this it may be
adequate to replace the energy equation for the expansion of the bubble by
the assumption that gas in the bubble expands isothermally. The validity
of this assumption will be judged on the basis of the degree of agreement
between the theoretical predictions and the experimental data.

From Egs. 4 and 6 we obtain

=1
Tgiisnf Pt
b 5 ()
Tgo Pgo
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and the solution of Eq. 4 yields

t
2 : (15)
B -7‘/;1 &) dt+pgo,

which, for critical flow through the breach (i.e., Q; is given by Eq. 9),

becomes

2/(y-1)
Pgi = [Ol(t'ti) ar P(glo_w/z] / (16)

where

A 28 2 1/(Y'1) 7
i teheo T il .0
By s il il 77 ["go v+ 1 N i T g

and Tgo and Pgo aTE the initial temperature and density of the gas in a gas
plenum.

Combination of Eqs. 4 and 5 gives

N
Acpp(Xy-Xp,) - Acpbo(xuo'XLo) = NVng % Z Vpgi, (17)

=

where py is the initial density of gas in the bubble at the initial system
pressure at the point of breach; X, - X , is the initial nonzero fictitious
length of the bubble. This initial length of the bubble has been introduced to
avoid the problem becoming indeterminate (to be described later) at time

t = 0. Since introduction of this quantity represents a source of error, it
is therefore chosen as close to zero as possible to keep the error a mini-
mum. The above equation, when combined with the following equation (for
isothermal expansion):

Phy
Py = pp, —, 18
Lo o (18)
yields
Pbo N
B v 5 1
b pbOVb pbo bo e NVpgo Z Vpgi ¥ ( 9)

i=l

¥n the above set of equations, Py, is the initial pressure in the bubble and
is approximately (surface-tension effects are neglected) equal to system



pressure at the location of the breach; Vi is the bubble volume at any

time t; and Vi, is the initial volume of the bubble. From Eq. 19 it is clear
that if Vi, is set equal to zero, the problem becomes indeterminate; thus
the need for choosing a nonzero positive value for Vi, or Xy, - X1,,- In
order to determine Py, Eq. 19 is solved in conjunction with Egs. 10, 12,
and 16 for critical flow through a breach, or Eq. 15, with Q; given by Eq. 8,
for subcritical flow through a breach.

C. Application to Water Out-of-Pile Configuration and Conditions

Generally, in most simulation loops both in- and out-of-pile, only
a limited bypass flow is provided, because of the limited capacity of the
pumps used; furthermore, the inlet

Py and exit plenums generally are not
l Plenum adequately simulated. This, in turn,
[ implies that such reactor conditions
| @ as con.stant inlet }.)ress.ure, PAT
(see Fig. 7), and inertial lengths
2 |"‘_‘-w beyond the pin assembly are not
W e achieved in most simulation loops.
| eslon Byoa The present water out-of-pile loop
> suffers from all above-mentioned
He _ shortcomings, which must be allowed
L] for in the predictive model.
et Loy With the above in view, equa-
| acattective tions of motion of gas-.hquld 1n.ter-
A i faces are extended to include (i) the
" I j-cextitible inertial «wolumn between the branch-
. & Bl e B point C of the bypass (see Fig. 8)
(D)A/ (C,I and the point D, (ii) the effect of
= . ifiniteness" of the bypass flow, and
Fle by OT:“ (A (iii) the pressure-flow character-
istics of the pumps.
L———Lm ———t———L il For the configuration of
the simulation loop shown in Fig. 8,
Fig. 8. Description of Coordinate System for Eq. 12 is equally applicable, and
Water Out-of-Pile Loop Configuration. Eq. 10 is applicable with slight
ANL Neg. No. 900-543. modification (to be discussed later),

except that now pressures Pp and
Pp are obtained by solving the following set of equations. For the fluid
column between points C and D, we have

2
Ly A idu ug fug | |/A L
TH *c 901, I3y c 1H
= St = G e W el f e 4+ I s 2
Ple) = Peltl - AN T [\A i\l 8, o g
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between points C and A we have

2
g uplog|| (AT R i il
12 () = Ppp(t) - Pg; Lty -#p 25 T T T DT

Lty + Ltv dup 21)
el g dt ’
G

where the total velocity ur is obtained by

22
ur = (ACuL+uprbp)/AT (22)

and the bypass velocity Upp is given by

—— ———

g
o
o dt & E T bV

spltpl

upp [upp | e ikl
2gc

2g. EDASIED:

-1+Kbp+KbE -p
P

In the above set of equations, PC is the pressure at the inlet to the bypass;
Kor is the pressure-loss coefficient for the orifice in the inlet piece; A . is
the cross-sectional area at point C; KT is the combined pressure-loss co-
efficient for the orifice and the gradual contraction at point C; f1 and fbp
are the friction factors for the main pipe and the bypass, respectively;

Pt is the pressure at the exit of the pumps and is determined from
pressure-flow characteristics of the pumps; K is the loss coefficient for
the variable constriction (valve); u_ is the velocity in the exit plenum. It may
be noted here that the last term in Eq. 23 represents the kinetic energy of
the fluid in the plenum based on one-dimensional flow in the plenum. The
reason for assuming the flow to be one-dimensional rather than three-
dimensional is that the configuration used for the water out-of-pile experi-
ment (see Fig. 8) had a considerable inertial length interposed between exit
of the pin assembly and inlet of the exit plenum; its contribution outweighed
the three-dimensional effects of the flow in the plenum. In view of the above
discussion, the following equations are used to describe the flow in the exit
plenum. These are

Apup = Acuc e uprbp (Z4)
and
du u lu l
H H g
Pp(t) = P_ + D PP s
E p i £ e H, 25
& gc dt ; 2D Dp ¢ Eo (25)



where f_ is the friction factor for the plenum, and P, is the pressure at the
top of fluid in the plenum. In addition, Eq. 10, which describes the flow be-
tween upper gas-liquid interface and section E-E, is modified as follows:

A ax
P & u g

B T e T O D 5D (T Xt

gc( u " ATy L) ae s i T e e

2
puCluCl el L e W P N VRN ot
2gc AP/ ATy k) Dr, E 1050 u Dh ’

where the second term in the square bracket on the right-hand side has been
altered to include the kinetic-energy loss between pin assembly and the
plenum. It may be noted here that in the analysis for the reactor configura-
tion the kinetic-energy loss between the fuel assembly and the outlet region
is included in Eq. 10, and the loss between outlet zone and the plenum is
included in Eq. 11.

In adapting equations describing expansion of the gas bubble, we note
that the transient in the present water out-of-pile experiment is initiated by
"breach" of a single pin; this, in turn, implies that Egs. 4 to 19 are applied
to the present loop configuration with

V. QUANTITATIVE CRITERION FOR VAI.;ID APPLICATION
OF THE ANALYTICAL MODEL

From previous discussions, it is clear that the quantitative criterion
for which the model is valid must satisfy the following: The flow regime in
the pin assembly associated with the rapid gas release must be approxi-
mately that of two "separated" phases (i.e., the void fraction in the gas-
phase region is near 100% and this region is confined between two liquid
slugs). Interpreted mathematically, the above statement of the problem
becomes

o

Q;(0)/py,, = UsAc, (27)

-
1
-

where Qi(O) is the mass discharge rate of gas from a piniatt = 0; Uy is
the initial coolant velocity in the pin assembly; k is the number of pins
breached att = 0.

27
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As discussed Previously, the gas release rate from a pin is a func-
tion of pressure and temperature of the fission gas in the plenum of the fuel
element, and the size and location of the breach in the cladding. If the
breach is located in the core region, then in addition to the above param-
eters the gas release rate is also a function of the porosity and the asso-
ciated impedance to the flow of gas. Since at present no experimental data
are available on the porosity or permeability and on the nature of pores in
the fuel region, no definite estimates of internal frictional pressure drop
can be made. However, in the present investigation, we assume that the
internal resistance to the gas flow is negligible; this assumption is certainly
valid if the breach is located in the gas-plenum region or in its close
vicinity.

For a gas-plenum pressure of about 1000 psia and a system pressure
of, say, 100 psia, Pbo/Pgo = 0.1, which is well below the critical pressure
ratio (~0.48); therefore, for most liquid-metal breeder reactors it is valid
to assume that the initial gas discharge through any breach of finite size is
critical. In view of the above assumption, the use of Eq. 9 in Eq. 27 gives

= k
2 \/(y-1) 2y YT, S G e (28)
vy +1 v+ 1 pgo pbo = di“*oi 3

[jE e

By replacing Pgo by Pgo/RTgo and Phe PY Pbo/RTbo’ and assuming that the
temperature of the gas in the plenum is equal to the temperature of the
coolant outside the Plenum, we obtain from Eq. 28 the following general cri-
terion for conditions for which the analytical model is valid:

ic gisgopibun Dobe | (29)
di‘*oi B, ’
= g0 /RTy8,

where

1 2 l/('Y‘l) 2y
E=<Y+1> N/ VRS

If all breached pPins have the Same breach size, A,,

and the same coefficient
of discharge, Cq: Eq. 29 simplifies to

B PbO UoA i

T, (30)
kCq Py, A/ RThogc

Ay 2



which for a circular breach becomes

1/2
4 B Py UyAc

m kCq Pg, RTpolc

(31)

VI. COMPUTATIONS AND DISCUSSION OF RESULTS

A. The Water Out-of-Pile Simulation Loop

The relevant parameters such as pressure-loss coefficients, fric-
tion factors, and pressure-flow pump characteristics pertaining to the
water out-of-pile simulation loop shown in Fig. 8 were determined experi-
mentally. The initial conditions for starting computation were first de-
termined for a given initial flow through the test section, from steady- state
solution of Eq. 12 and Egs. 20-26. These conditions include computation of
the system pressure at the center of test section (the location of the
"breach"), flow through the bypass and pressure coefficient for the valve
opening in the bypass from the tabulated data (graphical representation of
which is shown in Fig. 9), and initial exit pressure P of pump and the
corresponding total flow; the last two parameters were merely obtained to
verify pressure-flow characteristics (shown in Fig. 10) of the pumps. It
may be noted here that for a steady-state solution for the flow in the loop
whose pressure-loss characteristics are known, there are more equations
available than the number of unknowns, and these additional equations can
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be utilized to generate the pressure-flow characteristics of the pumps for
various rates of flow through the test section. More specifically, we solve,
for a given flow through the test section, the steady-state form of Eq. 25

to give Pg in terms of uj, or upp (see Eq. 24) which, when substituted into
the steady-state form of Eq. 26, gives Py, in terms of Ubp- The substitution
of Py, in terms of uy, into the steady-state form of Egs. 12 and 20 gives P
in terms of up,. Finally, the steady-state form of Eq. 23, together with the
data presented in Fig. 9, is solved iteratively to give upp. Having determined
Upp, We use Eq. 22 to determine ur. Equation 21 then provides the corre-
sponding value of PAoT. If the above process is repeated for a series of flow
rates through the test section, we can then generate the pressure-flow char-
acteristics of the pump. The pressure Py so determined att = 0 is utilized
to calculate gas density py, from the equation of state, py, = Pbo/RTb,where
Ty, is taken equal to the temperature of the coolant. The gas density of the
bubble is then utilized to calculate the initial fictitious mass (as discussed
previously) of gas in the bubble.

The solution of the dynamic (transient) problem was carried out by
using the System/360 Continuous System Modeling Program (CSMP). For
integration of the coupled differential equations, the fifth-order Milne
predictor-corrector variable step-size routine (which is incorporated
into CSMP) was used. The iterative procedure consisted in first determin-
ing the nature (critical or subcritical) of the gas discharge through a given
size of breach; this, in turn, leads to the selection of the equation (see
Egs. 8 and 9) for calculating the discharge rate Q; (i = 1). Equation 19 was
then solved (iteratively) in conjunction with Eqs. 15, 12, and 20-26 and the
pressure-flow characteristics to determine P (t) as a function of pump
discharge. The results of these computations are displayed in Figs. 11-28.

In Figs. 11-16, the comparison between experimental and predicted
values of displacements of the upper and lower gas-liquid interfaces for
various test conditions is shown. For a breach size of 0.063-in. diameter
(see Figs. 11 and 12), the predictions agree well with the experimental data.
For a breach size of 1/16 2 1/8 in. (see Figs. 13-16), the agreement be-
tween the calculations and the observations is fair; this discrepancy may
partly be attributed to increased effect of compressibility (and the asso-
c:1ated pressure pulses) of the coolant due to increased rapidity of the tran-
s.1ents as compared to those initiated when the breach size was 0.063-in.
diameter. It may further be pointed out that the measured values of dis-
placements of lower gas-liquid interface were obtained by integrating
nu%'n.erically the transient velocity measurements obtained by use of an
or1f1ce.meter placed in the inlet piece (see Fig. 8). This inlet piece had
three times as big a flow area as that of the 19-pin assembly; therefore, at
l(;w flow rat.es in the test section (e.g., 18 fps, which may reach a minimum
She‘?i-;lztfpsiel:ethe test section during the transient), the flow rates through
SAwp P : ar'e even. lower; the accuracy in measurement of low transient

1es in the inlet piece by means of an orifice meter becomes poor.14
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This may explain the increased differences between the predicted and the
measured values of displacements of the lower gas-liquid interface at lower
flow rates (e.g., 18 fps; see Figs. 15 and 16) as compared to higher flow
rates (e.g., 28 fps; see Figs. 13 and 14).

Figures 17-19 compare the predicted and measured values of the
pressure in the gas plenum during gas discharge. The values of the coeffi-
cient of discharge used in calculations for discharge of gas through a breach
of 0.063-in. diameter were taken from Ref. 15, in which the coefficient of
discharge for a compressible flow through axisymmetric orifices has been
computed as a function of pressure ratio, which for critical flow through
the breach is equal to [2/(y+1)]Y/Y=1), In Fig. 17(b), the gas flow through
the breach remains critical throughout the transient, and thus the pressure
ratio stays fixed [at 0.487 for argon gas (Y = 1.668) used in the simulation
experiment]. The use of a fixed value (0.72) of the coefficient of discharge,
as obtained from Ref. 15, gives an excellent agreement between theory and
the measurements. However, in Fig. 17(a) the value of coefficient of dis-
charge had to be reduced by about 10-13% from the value given in Ref. 15
in order to improve agreement between the theory and the measurements.
For a rectangular breach, there are no data available for the coefficient
of discharge and, therefore, the value had to be chosen somewhat arbi-
trarily to carry out the calculations. It was found that a value of 0.5 pro-

duced an excellent agreement between the theory and the data (see Figs. 18
and 19). .

Figures 20-22 compare the predicted and the measured transient
pressures at three different axial locations in the test section; the large
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discrepancy between the measured and predicted values in the initial part
of the transient is partly due to the compressibility effect of the coolant
(which, of course, dominates in the initial part of the transient). Further-
more, it is expected that the maximum of the intensity of pressure occurs
at the central breached pin during the initial burst of the gas, and it atten-
uates as the pressure pulse travels towardsthe wall of the test section,
where the pressure pulses are measured. This attenuation in the intensity
of pressure pulses is due to energy dissipation because of fluid viscosity,
structural deformation, and reflection from the pins surrounding the central
pin. However, in the later part of the transient, during which compress-
ibility effects of the coolant are not as dominant, the agreement between the
predictions and the measured values improves considerably.

Figures 23-25 show the calculated transient-pressure distributions
at three different locations in the simulation loop. These figures clearly
indicate that the constant "inlet" pressure condition, which is generally
applicable in the reactor configuration, does not hold good in the present
simulation loop. There is as much as 20% variation in the pump discharge
pressure (see Fig. 25), and considerably more variation in the pressure
below the grid and at the bypass inlet during a transient. The explanation
for any specific difference between three cases presented in Figs. 23-25
becomes evident by reference to Figs. 26-28; the latter figures show corre-
sponding (to pressure variation at the locations considered) variation of
flow rates through the test section, the bypass, and the total-flow pipe.

At the higher initial coolant velocity of 30 fps (see Fig. 26), the ini-
tial total flow is considerably reduced as compared to initial total flow at

= e T T T

T T T T T
250

PUMP DISCHARGE PRESSURE BYPASS INLET PRESSURE

200 ! PUMP DISCHARGE PRESSURE =
\

[
Q
o

1
PRESSURE, psia

/BVPASS INLET PRESSURE

PRESSURE, psia
@
)
T

PRESSURE BELOW GRID

PRESSURE BELOW GRID

100 1 1 1 1 100 1 1 1 | |

o o .02 .03 04 05 06 7] o1 .02 03 04 05 06
TIME, seC TIME ,sec
Fig. 23 Fig. 24
predicted Temporal Distribution of Pressures Predicted Temporal Distribution of Pressures
at Various Locations in Loop for Initial Test at Various Locations in Loop for Initial Test
Conditions: Coolant Velocity = 30 fps; Gas- Conditions: Coolant Velocity = 28.0 fps; Gas-
plenum pressure = 1000.0 psia; Breach Size = plenum Pressure = 995.0 psia; Breach Size =
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the lower initial coolant velocity of 18 fps (see Fig. 28). This reduction in
the initial total flow in the former case is due to increased pressure drop
across the test section and the inlet piece. With reference to cases pre-
sented in Figs. 26 and 27, it may be noted that there is only a slight varia-
tion in the bypass flow (~2-3%), and the effect of reduction in test section
flow is felt in the total flow and is reduced correspondingly. The explana-
tion for this lies in the fact that the initial flow through the test section is
controlled by varying the valve opening in the bypass and, at increased
flows through the test section, a considerable pressure drop occurs across



3T

ﬂtie bypass. There exists only a small pressure drop across the total-flow
P}pe; consequently, any changes in the flow through the test section are
directly reflected in the total flow. At low initial flow rates through the test
section (see Fig. 28), the reduction in the flow through the test section during
the transient is shared by increase in the bypass flow and the reduction in
the total flow. It may be noted here that the relative amount of changes in
flow through the bypass and the total-flow pipe during a transient are strictly
function of the pressure-flow characteristics of the pumps and pressure-loss
characteristics of the restrictions in the system.

Let us now apply the criterion given in Eq. 31 to test the applicability
of the analytical model to the present simulation experiment. The values of
the parameters that occur in Eq. 31 were taken as follows:

Wyl S0 fpa; AL = 0.731 in.%; ' Pp

o = 56.7 psia;

Pgo = 1000 psia; k = 1; Cy = 0.72; Tp.i= 530°R;

R

38.66 ft-1bg/1b,-°R; y = 1.668; B = 1.377.
The substitution of the above values of the parameters in Eq. 31 yields

d = 0.061 in.
Thus, according to the above criterion for initiating rapid gas release, the
choice of a breach of 0.063-in. diameter in the simulation experiment was
adequate for establishing the plug-type" bubble regime, and good agreement
between the measurements of the event and the predictions of the model pro-

vides to some extent indirect confirmation of Eq. 31.
-

B. Reactor Configuration and Conditions

Since comparison of the mathematical model with the measured
values of the flow transients initiated in the simulation loop by a rapid gas
release has confirmed principal applicability of the model, the model can
now be applied to the fast-reactor configuration. The particular configura-
tion chosen was that of the Fast Flux Test Facility (FFTF). The reactor
parameters used for the purpose of the calculations are as follows:

Dimensions (in inches):
L = 96.0; Hy = 24.0; Lpy = 36.0;
H =12405a D= 0.1281; Hip = 132

A, = 6.724; A, = Ay = 16.274; V = 1.26.

The cross-sectional area of the equivalent plenum is found by utilizing the
continuity equation under steady-state conditions. This gives us
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where Np is the number of assemblies in the reactor. The above equation
implies that the equivalent plenum (i.e., portion of the plenum associated
with a single subassembly) must have a cross-sectional area equal to
Ap/NA- Based on 92 effective (those through which the coolant flows) sub-
assemblies and a 20-ft diameter of the plenum, the above considerations
gave us a cross-sectional area of the equivalent inlet and exit plenums of

491 in.’.

Additional parameters:

Coolant velocity = 25.5 fps

Inlet temperature = 740°F

Outlet temperature = 1100°F

Cover-gas pressure = 14.7 psia

Gas-plenum pressure = 1000 psia.

The use of the above parameters and those obtained from steady-
state solution of Eqs. 10-13 and 31 gave for the number of failed pins

k = 10 and Cy = 0.62, the following criterion for the applicability of the
model:

d = 0.067 in.
&2 T S A R R In obtaining this criterion, it was assumed that
e 0075"0iA // breaches in all pins occurred at 28.0 in. from
ol = %'z:g:,"o"},sz-- %JR | the bottom of the pin assembly. The fuel re-
St x 0.10" .
INFINITE o sistance to the gas flow was neglected.

After having obtained the criterion for
establishing the applicability of the model, the
//, wece o ons | dynamic s.olution of Egs. 10-13, 19, 15, and 8 or
4 g 9 (dependlng upon whether the flow through the
breach was subcritical or critical) was obtained
oL e R R AR for various breach sizes. The results of the
S R computations are displayed in Fig. 29. The cal-
: culations for "infinite" breach (i.e., the expan-
Fig. 29 sion of the gas is continuous and the pressure
Galeslaten Blsplacerments.of Tipper in the bubble is equal to plenum pressure for
e T e as long as the bubble stays in contact with the

DISPLACEMENT, in

FFTF Fuel Subassembly for Initial breach) were also carried out; the results are
Conditions: Coolant Velocity = also shown in Figure 29. This figure indicates
25.5 fps: Gas-plenum Pressure = that the reversal of the flow begins to occur

1000.0 psia. ANL Neg. No. 900-555. for breaches larger than 0.075 in. in diameter
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for a rupture of 10 pins. For very large breach sizes flow reversal is
almost "instantaneous,” and it takes as much as 130 msec before the flow
recovers back to normal. It may further be observed that there is consider-
ably more spread in displacements of the lower gas-liquid interface as com-~-
pared to the spread in displacements of the upper gas-liquid interface. This
is mainly due to longer frictional and inertial lengths of the upper slug as
compared to the lower slug. Furthermore, the presence of the instrument
package near the top end of the pin assembly causes a considerable pressure
drop (~15 psi at 25.5 fps). The combined effect of all these is to impede the
expulsion of the upper slug. This impedance increases with the increase in
velocity, and therefore the spread in displacements of the upper gas-liquid in-
terface isnotas muchas it is for displacements of the lower gas-liquid interface.

VIiI. CONCLUSIONS

It would appear from the experiment that the flow transients induced by
‘rapid gas release are of relatively short duration, so that it may be expected
that the coolant flow will be reestablished prior to overheating of the adjacent
fuel pins. However, the experiment did not simulate very closely the actual
reactor conditions in several aspects. Therefore, the experimental data
presented should not be taken as completely representative of what will
happen under actual reactor conditions. Notwithstanding this, the experi-
ment has reasonably achieved the objectives of (1) furnishing a good physical
picture of the phenomena involved with rapid gas release and (2) providing
the means for developing a mathematical model capable of predicting the
flow transients in a reactor configuration, as wellasin out-of-pile and in-pile
test loops. In addition, the model developed can easily be applied to cal-
culate voiding rates due to fission gas release in whole-core accidents.
Best agreement between experiment and calculation was achieved for breach
sizes which were only slightly larger than the minimum size required for
valid application of the analytical model. For larger breach sizes, the
discrepancy between the calculations and the experimental data was attrib-
uted to compressibility effects of the coolant resulting from the increased
severity of the flow transients.

From the sample calculations presented for an FFTF fuel-
subassembly configuration (with a simultaneous rupture of 10 pins and
neglecting the resistance to the flow of gas internally in the fuel), the max-
imum gas-blanketing time was found to be ~100 msec. Calculations of
clad-temperature transients (at the location of maximum linear heat rating)
show that complete thermal insulation of a fuel pin for 100 msec will result
in a rise of ~100°C. It would therefore appear that temperature transients
due to rapid gas release caused by simultaneous rupture of as many as
10 pins do not lead to further clad failures.
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The experimental and analytical work presented here indicates the
following necessary areas for fatiresetfiort:

1. Check the analytical model against experimental results to be
obtained in a larger pin array, using a test loop which simulates more
closely the actual reactor conditions

2. Include compressibility effects of the coolant to improve agree-
ment between the predictions and the data for breach sizes considerably
larger than the minimum required for valid application of the model.

3. Extend the analytical model to a three-dimensional treatment
of the case in which the gas bubble does not occupy the entire fuel-
subassembly cross section

It is expected that the work under items 2 and 3 will contribute to gaining
a better understanding as to the possibility of fuel-failure propagation
through mechanical loading effects due to pressure pulses.
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